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ABSTRACT

§9A method of pairing anti-parallel straight lines is pre-
sented and discussed. The pairing is based on the distance
between the lines, the amount by which they overlap, and on
whether or not other lines are interposed. Examples are shown
of applying the method co high-resolution aerial photographs.
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1. INTRODUCTION ‘: f | & J"‘ -

A characteristic of cultural features that appear in
high-resclution aerial photographs is the large number of straight
edgyes. Usually, these edges occur in pairs, as in the sides of
roads and of buildings. As a preliminary step towards identifying
such features, the straight edges can te extractec (Nevatia and
2acu, 1978; Peleg, 1978), and clustered intu antiparallel pairs
(ie€e pairs of facing edges that are parallel but have opposite
agirections). The <clustering grocess is the subject of this
report. In general, clustering must take into account information
from the picture in the regions around the edges. For example, a
road usually has a uniform gray level (Quam, 1578, Tavakoli, in
grogress) and thus it is reasonable to expect the facing sides of
an antiparaltiel pair of edges to have a similar gray level, The
process to be described here, however, deals only with a line
drawing extracted from an image, and does not have information of
this sort available to it. It has nevertheless proved itself a
rocust and reasonahly successful technique, despite its relative
simplicity.

The process accepts as ingut ordered pairs of endpoints
defining lines and their directions. It attemgts to find pairs of
lines that are more or less antiparallel and that obey relations
concerning overlap and distance between the lines. The process
considers all lines that have similar orientations, and uses an
iterative procedure to find good pairs. Whereas previous «ork
(Nevatia and Sabu, 1578, Srooks, 1979) has restricted the choice
of pairs to Llines that are <closest neightors, the current
algorithm makes a more global analysise.

The ©basic procedure is as follows. Fach line is comozred
with all other lines that are approximately antiparallel to it,
iees those that Lljie within a length-depencent threshold. The

amount of variation in the estimated dgirection of a Lline is
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inversely proportional tao the length of the ljine, so that short
lines, whose directions are less certain, are altlowed a Gqreater
discrepancy than Llongyer tlines. The figure of merit for a given
pairiny of lines is based on the amount of overlap betwueen the
lines, 1i.e, the proportion of common length of their projections,
and the aistance tetween the lines, Several ways of comtining
these measures were evaluated, and the results incicated that the
exact combtination was not critical to the procedure.

naving given initial scores to the pairs of tines, the next,
iterativey, step involves refining the scaores by interactions among
the lines that <compete for the same anticarallel partner, c:tach
line hss a link to every possible antigaraltet pairing line. cach
tink has a link strenqgth, and the link strengths are normalizede.
Shoulcd a line have no Links to other Lines or shculd there be no
links to it, the Lline 1is dropped from considerations 1!f twoO
antiparallel lines A and B are a mutualtly best pair, i.2., it A°s
tink strength to B is stronger than its Link strength to any other
line, and B s Llink to A is atso its Strongest linky and there are
no lines between A and B8,y then A ang B are considered tg be
tinked and can te dropped from further consideration. Note that
when this happens, any other lines that were linked to A or to ®
must hove these Llinks deleted. Because of the detletions a
renormalization 1is required, and this adjusts the tink strengths
with respect to alternative anti-paralliel pairs for Llines, The
process s iterated until no more pairs can be formed. Ffigure 1a
shows a picture of part of an airfield. Ffigure 1b showus the set
of directed edges derived from the picture, ano Figure 'c shows
the results of applying the process to the Llines in Figure 1a.

The rest of this paper describes the method in detail,
presents exaaples of its apgplication to sets of Llines extracted
trom aerial ophotographsy and discusses some of the shortcomings
and aavantages of the approach,




Figure la. Picture of
part of an airfield.
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process. Dotted lines indicate
linked pairs. The light lines are
unpaired (noise) lines.
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PR THE ALOORITHS

') &ead in tre 13ta tur each line in the forn (x1, Y11, x2, Y2)
~here (x1, Y1) are the co-urainates of tne first endpoint ond (xI,

¥Z) ate the tc~ordinatzs of tre secoand encgoint ot the line,

Initialize the Liras Letween each austified (a3ir 0Ff lLines.

(See Lrliows)

7Y ANermalize e€ach lLline’s set of links anc eliminate any (ine aith

noe lLinks,
£) FRepeat steus §=7 until nc lines remain:

3 for every links sey trom line A to lire &, and every Lline
that fuolls betacen A 2and 2 with its greatest Link strength to Line

iy cecrement the link from A to & Sy D°s link strength to C it

talls outside A anc B.

=) tliminate lines tnat are mutually best pairs and that have no

cther (ines cetween them, 8reak the links from or to these (ines.,

7) Re-normalize each (ine”s set of tink strencths ana eliminate

any Line with no tinks toc it or trom it.

The al,orithm starts Lty reading in the co-crdinates of the
encpoints of each Lines The sloge cf the line is cefined by the
graer in  which t(he e¢endpoints appear. The tength at the tine is
also celeculates at this soint.

Fur each Liney all other Lines that are anti=carallel *o it
ang tall within a computed angle tolerance are eaxamined to sea if
they are Ccancgidates for opeiring witn the line. The 2anule
toleronce is computed as the sum of two factors (1 and (2, wnere
(* is o constant (currently 23 Jdecrees) and (2 is inversely
cruportional tc the lonager ¢t the two lines ceing consiceren,

*rijs Lrovides gyreater laxity in interwvreting short lires whose
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Jdirections are less certain than longer lines.,

Sl lines which _ass the angle test must in addition satisty
the further criterion that their overlar be non-:ero. The oyeriar
i coumputed as the intersection of the wrojecticns ¢f tre lines
3nto & line trat runs cetween them and hes an angle that is the

Tean cf thteir angless medulo 133 degrees., (Ficure Z.)

FIGURE 2

All lines uassing the angle and overtap tests are linkeg, with
s Strenath com,utea as a3 function of their cistance from eachk
other anc trcir overlap. The distance cetween lines A& and 5 is
comouted as the perpencicular distance petwueen lines that [ass
througn the aidocints of A and 9, anc whose cirection is the
avera,¢ of thcse of A ana 6. (Figure 2, The Zdotted lines in tne

tiyure have siope halteay between that of line A and line ¢.

v \

FIGURE 3

Tre current function ¢*in3 used for tne link strength from [ine 2

to line 5 is




CVERLAS/LEMGTH(LINE 8)/DISTANCE

Several variants of these factors were USEU. ctome of the variants

thdt were trieu are

1 strencth = (2+gverlac/(length(line A)¢+lenath(line &))/cdistance
Ze strencth = cverlac/lensth(line A} +1/72istance
¥« strength = 2roverlac/{lencth(line A) +ienath(line 3)) +

t/distance

hote that variants 1 and 3 are symmetric, while wvariant 2,
and  the variant descrited above are asymmetric. Asymmetric
tunctions were preferred over symmetric functions tecause it seems
reasonable that a short line should be more strongly attracted to
2 leng line than the tong (tine is ts the short line, The
al,orithm proved remarkably insensitive to the idnitial Link
strenyth calculation; gifferent schemes wusually Lled to wvery
similar resultse,

At this point, any lines without links are deleted, Next the
iterative part of the alyorithm is entered. 1Ilts goal is to find
ostimal pairirn;s of Line segments tased on the jnitial estimates
anu satisfyin, the constraints that each Line belong to at most
cne pair and that no two pairs overlap. (See figure & whers AC
en2 (L are examples of mutual pairings «hich are ruled out by the

averlac regquirement),
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tath tina, for instance trom tine A to line £, is wupdated ir
sarailel according to the following scnene, :t there is a line,
say lLine Cy Cetwcen A and E4 which 15 Lithin the angle tolerence
(' mentionea above, tnen (°s qgreatest lins strength is founo, say
to tine 2. If line D 15 3lso petween A ans &, nothing is “Yone.
Jtrerwises A°s  link strength to 2 is decremented by [°s link
stren,th to C. After all the links have teen ypcCated iIin  tnis
wanner, the Link strengyths are re-normulizeds Fer att tines % ano
£y it s jreatest tink strenath §is to © ano 9°s gqreatest Llink
strength is to A anug there are no lines tetween & and 2, then &
and & orfe Cconciderea tg Se pairec and are dropgec from  turther
consiuergtion, At tnis point, any line with nc links to it or
from it 1s deleted, ana a new iteration ic started.

The betweer relation is calculatec as follows (Figure 743 Te
siscover whether or not line C is between lines A and 3y 2 (inse
~hose slope 1s the averaze of the slares of lines A, %, and ( is

casseq throuyh the center points of each of these lines. (See the

sottec lines in Figure S.,) Line C is between lines & and & if the
intercept on sume (artitrary) axis of the Jotted line throuzh (°s
center is between the intercepts of the lines through A ano 2, and
i* Line { overlaps toth A and 2.
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Ze SXAMPLES AME DISCUSSICN

The alnoritnm ~wresented here performsg ccmpetently on a
variety of input datae. This is especially significant when it is
realized that ro use i1s made of "holistic*™ catterns that might Ce
irtcarent to nhuaans whc examine the datae Such ratterns arise
zecause cf intercretations 1imposed cn the scene that rely on
sssumipticns external to the scerey and thus not availacle to tne
Lrugranm, These assumptions vary from person to Dperson, and
sitterent pecole often oprefer cifferent npairings .in the same
scene. As & result, it is not gpossitlie in aeneral to specify now
~cll the system perfcras unless there is an associated context for

the interpretation.,

o1 fxamples
in orcer to alleviate this problem, & series of digitized
imeces «as wused as 3 source of L(ines for the program. The
straiu,nt egcges in the images were extracted wusing an Jterative
erhancement techniaue (Peleg, 1978), ana the resulting lines were
: used as input to the pairing orogram. Ficure 4 shows one such
imzge snu the set of lines extracted from it. The only contextual
) information retained from the images is the directicn of each
line. This yirection 33 such that the image is liahter to the
rizht c¢cf the line than to the left, It will te seen that even
this smalt amount of knowledge can be valuable in disambiguating
| line Lairings.,
' The wuse of images of real scenes enables an accurate
evaluation ot the pairings. It should, however, e clear that
humans use muth more information 1in forming pairs than s
availatle to the Drogram,
| In the images that were used, jood pairs ccrresponrnc to the
‘ ed,es of roacs and runeays and to the sises of buildings. Aany

cultural features are characterized oy antigarallel cairs of




Figure 6a. A picture of Lorton
Reformatory.
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straignt ecges, ana 1t is a usetul stey in interpretine the inagye
t2 bLe abtle to Jdiscover these pairs, Teccause the edge evtrattrion
vrucess is Likely to treagk the lines intov secments, ang £ecause Of
the existence of cross~-roadsy « program that attempts ta Limk ouC
collinear lines is used to extenc anu ccnnect segments that lie on
a Straizht line, This program will e the sulject of anotner
resort., The fCellowinc simple scnheme wus usea te Llink ccllinear
se.ments. A more ambitious scheme is cescrirted bty =rcoks ('°7:),

The atgcorithm starts Sy picking a line to -o0rk on, It then
tinds all otner (ines ~hose angle is sufficiently "close to that ot
trhe chcsen Lirca (Currently, within 25 3egrees), These (ines are
the initial cancdicates for collinear Linking., Yost of the
cancicates are weecec out immegiately Ty 4 ccnstraint requirina
centers of lines to Lli1e within a narrcw rizcton centereg oOn the

chesen Line (usually 2 to 5 pixels wideod (Fizure 7).

FIGURE 7

It remainsg to link up Llines that are nct too far agarte. This s
essentially a parallel process, If tne Zarc hetween tne ent ooint
of one Lline anu the start of the next is small enough (tess than
1,5 tires the maximum of the lines” lencths) tne Lines are merged.
1f not, the enupoint tecomes the end of the Llinkes scGment, anid
the start goint tecomes the stort of a3 new segment, Secause the
length that is used is rot that of the whole new Line, hHut only
that of its tinal segment, the results do not gegend on which line
is chosen ftirste The .a3iring proaram receives as input the reasgylt

of agelyinc the collinearity program to the ennanced data,




Figure £33 shoas a picture ot a vart ot Lorton refcrmatory in
the Fert Zelwoir rejicon of virginia for which figure A is tne
corres,ondin, edge imaje, Figure £a shows the result cf apolyinc
the coullinear algorithm, while Figqure 8L shows tne result of
apilying the oroyram described in Section 2. Notice especially
"0 the Llines ccmprising the cross=shapecd btuildina in the tower
lett Luaarant of the picture have been pairec, The cronram has
erroncously found the shadow borders, insteaag of those o0¢ the
cuilaoing., Ficure &¢ shows how a very small amount cof contertual
intornation c¢caon Lte  sefyl in correcting this errore The eatra
intormotion is that puilcings usually acpear brighter than tneir
surroundings, It is manifested as a further constraint olaced on
the pairing grucess. This constraint is that a line may only pair
«ith another, antiparatllel, line it the intervening region is
ligjhter than the area on the other side of the Lline. £daes are
extractec with a airection corresponding to the convention that
the Llizhter sige of the egge be to the right. Thus, this
cAnstraint means that a line 15 only allowed to pair with otner
lines that are to its rightes Using this constraint, the alyorithm
correctty discovers the corders of the building, Figqure 9 shows
another ewam,le of applying the grogram to data obtainegd from a
sutyrtan scenre In both cases, almost all paircs are correct, and
most of the noise lines are not gaired. The resultant description
is much more useful for further processing than the original edae

image.,

lec Eatensions

The pairing algyorithm in this pacer can be criticizend ftor
taniny too local & view in determining tne best matches. It might
happen that o air of Line; that are mutually test partners should
not, in-tact, be Llinkeu:. This can happcen if the result of linkina
them s to cause other Llines with tow pairing strenqths to be
tinkegse This would give a Low Global pairing confidence, whereas
forming 2\lternative sairings might Lleac to a4 hicher alobal




Figure 8a. Collinear
Figure 6b.
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Naive anti-parallel linking
applied to ().
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cenfiuence,

4 way of atleviating this problem is t0O chor3e the fairinc
wrocess from a discrete srocess to a tuzzy <cne and to wuse a
relaxation al,orithm to find the cest cairse. Instead of simply
vairing tines that are rutually dest links, anc celeting all other
linksy, it wculd te oreferatle to increase or Ccecrease the
conficence in each link accofdin, to tnhe motual corpatibilities of
the Llinks itk one another. 3y itérating this procedure, a more

iloratlly consistent result should emer e,

&
<
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Alternatives

Several alternagtives to the pairin, procedyre were® consicered,
Tut were discarded in favor of the methoo gescritea aboves Two of
the alternative methods are trietly cescriced velom.

The first slternative has tke advantage of starting ftrom a
zradient or edze imaye, Or even from a ruow iTaLe, without havina
to €0 &n) prerrocessing. It finus candigate antiparallel gairs of
ed,es, but coes not gecide which are the Zest pairings.

The idea is to search cut in opposite airections from each
point in the image array, locking for egge responses. cy
regquiring the responses to be at the same sistance on either sidge
of tne coint anc to have opposite grauients,‘a measure of how
close the point is to the axis of the antigarallel Llines <can ¢e
cbtained, This measure shoulo depend on the oistance that has to
ce searched te finc a wair of responses.

The result of applying this process at each coint in the
image, in parallel, is 3 set of responses that take ¢the ftcr= of
linear 1ridges centered Detween pairs of straight lines. These
riuges enrcoue the cistance and overlay dinformation for the
surrounding lines, on a4 point-by=point Lasis. They can be us=y as
ingut to a system similar to the current one,

The advantages ¢f this method are that it extracts sheletons
¢t those egges that are part of aentiparattel cairs, and that it
catculates properties of the pairs that are useful in (later)




srocessing,. it sufters from flaws, bpPowever, which make it
Joubttul whetner the method is as useful as the edge extraction
ans enhancement urocess that was actually used.

Thre main flaw is the inaoility of the method to tind all
cossicle pairs without further processing. Consider the situaticn
in Ffi.ure 17 where the solio lines denote wctual ecaes and the

sottec lires denote axcs of gpairs,

FIGURE 17

The ax¢es corresponc to the pairs AB, ©2C, ana (D, However, the
wair  AD  is  also wvaliay but is not representec tecause its axis
falls tetween Lines B8 una C, B2y enamininc all axes thzt have the
same slope, it is sossible to discover the pairs that «ere
initialy misseu, but this could be a costly process. ~elated work
on shape skeletons (wang, Wu anc Rosentelua, *375) illustrates the
Jitficulties of apulyina this kind of Local prccessing.

The second alternative involves associating confidences aith
pairs Lased on similarities of features, and not just or relative
sice and pusition. Instead ot calculating a rerit function for
each pair based on these features, a set of Mough-like transforms
tan e applied bty projecting onto various subscaces of the feature
soace. This allows clusters of antigarallels tc bLe Aetecteu,
insteac of having to ceal with the lines rcairwnises

Untortunately, excerience has shoun that cluster detection in
nough spaces can be very difficult (Rosenfeld, 1979), I~ the
tinear feature comoin, work ty Zroger et al. (in crogress) seenms

to dncicate o tack of significant clusters in Houah space. The

—— - S o eere————
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4o CONCLUSIONS

This raver nas presented an atgorithm

for catrino
antigarallel straight tines. The pairing

«3S Lased on the a%ount

¢t overlap Ltet<seen the lines, the distance tetueen them, ang on

«heéther wr nut other lLlires were interpcsec,

The alacrithm wus evaluated using lines extracted from real

insges using an euge Aetection ang enhancexent process. The

results were seen to te generally reasonatle and the result of

a0ulying the process was 3 new image representation that was mcre

useful fur further processing than the initiatl eoge image.
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